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HIGHLIGHTS 


•  Nitrogen-rich  mesoporous  carbon 
derived  from  melamine  (MNMC)  is 
prepared. 

•  MNMC  shows  good  catalytic  activity 
for  oxygen  reduction  reaction. 

•  The  good  performance  is  derived  the 
special  structure. 
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Melamine-derived  N-doped  mesoporous  carbon  (MNMC)  is  synthesized  by  the  pyrolysis  of  lysine  and 
melamineunder  at  nitrogen  atmosphere  using  ferric  chloride  as  a  dopant  and  Si02  nanoparticles  as  hard 
templates  to  form  mesoporous  architecture.  The  N  content  in  the  bulk  of  carbon  materials  is  as  high  as 
11.3%  and  ca.  40.6%  of  N  is  in  the  form  of  pyridinic-N.  The  surface  area  of  MNMC  is  ca.  650  m2  g-1  with  a 
pore  size  distribution  in  the  range  of  2.2—34.5  nm.  Compared  to  commercial  Pt/C  (20  wt%),  MNMC  ex¬ 
hibits  much  better  electrocatalytic  activity,  better  durability,  and  higher  methanol  tolerance  for  oxygen 
reduction  reaction  (ORR)  in  alkaline  medium.  Particularly,  the  onset  ORR  potential  and  half-wave  ORR 
potential  of  MNMC  are  1.059  and  0.871  V  vs.  RHE  respectively,  which  are  higher  than  those  of  com¬ 
mercial  Pt/C. 
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1.  Introduction 

Slow  kinetics  characteristic  of  the  cathodic  oxygen  reduction 
reaction  is  one  of  the  primary  limitations  for  the  commercialization 
of  fuel  cells  1  -3  ].  To  date,  platinum  based  catalysts  are  still  the  best 
cathodic  materials  for  the  oxygen  reduction  reaction  (ORR)  and  are 
widely  used  in  commercial  fuel  cells.  However,  the  high  cost,  low 
durability,  as  well  as  the  slow  reduction  kinetics  of  Pt-based 
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catalysts  hinder  the  large-scale  application  of  fuel  cells.  Many  ef¬ 
forts  have  been  made  to  reduce  the  cost  of  cathodic  catalysts  by  two 
approaches  [4]:  (1)  reducing  the  Pt  loading  by  increasing  Pt  utili¬ 
zation  in  the  catalyst  layers  [5-7];  (2)  replacing  Pt  with  noble- 
metal-free  catalysts  [8-11  .  Among  these  catalysts,  nitrogen- 
doped  (N-doped)  carbon  has  been  demonstrated  to  be  a  prom¬ 
ising  alternative  to  Pt-based  catalysts  for  fuel  cells. 

Carbon  materials  are  widely  used  as  support  materials  for  Pt- 
based  catalysts  due  to  their  porous  structure,  high  electrical  con¬ 
ductivity  and  stability  12,13  .  In  particular,  the  carbon  materials 
with  mesoporous  structures  have  attracted  a  lot  of  attention  on 
account  of  their  large  surface  area  and  mesoporous  network,  which 
improve  the  transport  of  educts  and  products  formed  on  the  sur¬ 
face  of  catalysts,  thereby  increasing  the  performance  of  the  cata¬ 
lysts  and  lowering  the  total  cost  of  fuel  cell  systems  [14,15  .  The 
electrochemical  properties  of  mesoporous  carbon  can  be  signifi¬ 
cantly  enhanced  by  introducing  heteroatoms,  such  as  N,  into  its 
structure  16,17  .  After  introducing  electron-rich  nitrogen  atoms 
into  carbon  materials,  the  tt  electrons  in  carbon  materials  can  be 
activated  due  to  the  lone-pair  electron  from  N  [18  .  There  are  two 
common  routes  to  obtained  N-doped  carbon  materials.  The  first 
one  is  to  treat  the  pre-synthesized  carbon  materials  with  N-con- 
taining  materials,  such  as  NH3.  The  other  one  is  to  directly  pyrolyze 
N-contained  carbon  materials,  which  is  a  one-step  process.  In 
general,  N-doped  carbon  materials  prepared  via.  the  second  route 
will  have  higher  N  content  compared  with  those  prepared  via.  the 
first  route. 

It  has  been  reported  that  there  are  four  types  of  nitrogen  species 
in  carbon-based  materials  including  pyridinic-N,  pyrrolic-N,  qua¬ 
ternary  nitrogen,  and  pyridinic  N+-0~,  respectively  19].  Pyridinic- 
N  can  provide  one  p-electron  to  the  aromatic  ru-systems,  which  has 
a  pair  of  electrons  in  the  plane  of  the  carbon  matrix.  So  pyridinic-N 
can  increase  the  electron-donor  property  of  the  catalyst  and  thus 
enhance  the  electrocatalytic  activity  of  N-doped  carbon  materials 

[20] .  Usually,  nitrogen  containing  polymers  such  as  polypyrrole 

[21] ,  polyvinylpyrrolidone  [22],  and  polyaniline  [23  ,  were  used  as 
precursors  to  prepare  N-doped  mesoporous  carbons. 


Unfortunately,  in  most  cases,  these  polymers  were  not  rich  of 
pyridinic-N  and  the  resulted  N-doped  carbon  did  not  show  higher 
performance  for  ORR  than  commercial  Pt/C  catalyst  in  term  of  both 
activity  and  stability.  It  is  expected  that  mesoporous  carbon  ma¬ 
terials  with  high  pyridinic-N  content  is  highly  desirable,  which  are 
expected  to  exhibit  high  performance  for  ORR. 

It  is  well  known  that  melamine  is  a  type  of  three  triazine  het¬ 
erocyclic  organic  compound  with  high  pyridine-N  content  [24  .  In 
this  work,  an  effective  method  was  developed  to  prepare 
melamine-derived  N-doped  mesoporous  carbon  (MNMC)  with 
high  pyridinic-N  content  by  temperature-programmed  thermal 
pyrolyzing  lysine  and  iron  modified  melamine  in  a  nitrogen  at¬ 
mosphere  with  ferric  chloride  as  an  activator  and  Si02  nano¬ 
particles  as  templates  to  form  a  porous  structure.  A  schematic 
illustration  of  this  method  is  shown  in  Fig.  1.  The  as-prepared 
MNMC  were  characterized  by  means  of  X-ray  photoeletron  spec¬ 
troscopy,  scanning  electron  microscopy,  transmission  electron  mi¬ 
croscopy,  as  well  as  Raman  spectroscopy.  The  electrochemical  tests 
demonstrated  that  MNMC  exhibits  higher  electrocatalytic  activity 
and  stability  towards  ORR  than  the  commercial  Pt/C  catalyst. 

2.  Experimental 

2.2.  Preparation  of  MNMC 

4.48  g  melamine  and  0.52  g  lysine  were  dissolved  into  a  FeCh 
(0.25  g)  methanol/water  solution  (VWthanoF^water  =  0-5),  and  the 
mixture  was  then  stirred  magnetically  and  ultrasonicated  for  1  h  at 
room  temperature.  1.0  g  Si02  nanoparticles  (ca.  30  ±  15  nm, 
Aladdin)  was  added  to  the  above  mixture  under  stirring  and  then 
ultrasonicated  to  obtain  homogeneity.  The  obtained  mixture  was 
dried  at  80  °C  in  a  vacuum  oven  overnight.  After  the  resulted 
powder  was  heated  at  300  °C  for  1  h  in  nitrogen  atmosphere,  the 
temperature  was  elevated  to  900  °C  at  the  rate  of  5  °C  min-1  under 
nitrogen  flow  and  that  temperature  was  maintained  for  1  h.  In  or¬ 
der  to  remove  Si02  template,  The  as-obtained  powder  was 
immersed  in  HF  (20  wt%,  6  mL)  solution  under  stirring  for  24  h,  and 


Temperature 

programmed 


^Carbon  0:pyridinic-type  N 

Pyrrole-type  N  0 :  graphitic-type  N 


Fig.  1.  Schematic  route  of  preparation  of  MNMC. 
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Fig.  2.  SEM  (A),  TEM  (B)  and  HRTEM  (C)  images  of  MNMC;  EDX  (D)  images  of  MNMC. 


then  washed  for  10  times  with  ultrapure  water.  The  powder  was 
collected  by  centrifugation  and  dried  at  60  °C. 

For  comparison,  carbonized  lysine  (L)  was  prepared  by  heat- 
treating  lysine  at  900  °C  in  a  nitrogen  atmosphere;  a  mixture  of 
melamine  and  lysine,  and  a  mixture  of  melamine,  lysine  and  FeCl3 
were  also  carbonized  at  900  °C  to  prepare  carbonized  melamine 
and  lysine  (M  +  L),  carbonized  melamine,  lysine  and  FeCl3 
(M  +  L  +  Fe);  carbonized  melamine  with  FeC^  (M  +  Fe)  as  an 
activator  was  synthesized  by  pyrolyzing  melamine  and  FeCl3  at 
900  °C. 

2.2.  Physical  characterization 

Elemental  analysis  was  performed  using  an  organic  elemental 
analyzer,  Thermo  Flash  2000.  X-ray  photoeletron  spectroscopy 
(XPS)  was  obtained  on  a  VGEscalab210  Spectrometer  fitted  with  Mg 
300  W  X-ray  source  (England).  Scanning  electron  microscope  (SEM) 
measurements  were  carried  out  on  a  Carl  Zeiss  Ultra  Plus  (Ger¬ 
many).  Transmission  electron  microscopy  (TEM)  was  carried  out  on 
a  JEM-2010  Electron  Microscope  (Japan)  with  the  acceleration 


voltage  of  200  kV,  coupled  with  energy  dispersive  X-ray  analysis 
(EDX).  Raman  spectroscopy  measurements  were  carried  out  on  Ft- 
Raman  spectroscopy  (RFS  100,  BRU-KER)  employing  Nd:  YAG  laser 
wavelength  of  1064  nm.  The  specific  surface  area  was  determined 
by  Brunauer-Emmett-Teller  (BET)  method  and  the  pore  size  dis¬ 
tribution  (PSD)  was  calculated  by  the  density  functional  theory 
(DFT)  method.  Elemental  Analysis  was  measured  by  Organic 
Elemental  Analyzer  (Thermo  Flash2000). 

2.3.  Electrochemical  characterization 

The  activity  for  ORR  was  evaluated  on  an  Autolab  electro¬ 
chemical  work  station  (Netherlands,  Autolab,  PGSTAT128N).  A 
conventional  constant  temperature  three-electrode  cell  was  used, 
including  an  Ag/AgCl  (saturated  KC1)  electrode  as  the  reference 
electrode,  a  platinum  wire  as  the  counter  electrode,  and  a  glassy 
carbon-rotating  disk  electrode  (GC-RDE)  as  the  working  electrode. 
The  thin-film  electrode  was  prepared  as  follows:  5  mg  of  MNMC  was 
dispersed  ultrasonically  in  1  mL  Nafion/ethanol  (0.25%  Nation)  so¬ 
lution  for  5  min.  8  pL  suspensions  dropped  on  the  surface  of  the 


Fig.  3.  (a)  XRD  pattern  of  MNMC;  (b)  Raman  spectra  of  the  MNMC  and  Vulcan  XC-72  Carbon. 
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glassy  carbon  rotating  disk  electrode,  followed  by  drying  in  air  at 
room  temperature.  For  comparison,  a  commercially  available  Pt/C 
(20  wt%  J.  M.  Corp.)  was  prepared  similarly  on  the  GC-RDE.  The 
characterization  of  commercial  Pt/C  such  as  XRD,  TEM  was  provided 
in  Supporting  Information.  The  electrocatalyst  loading  on  the  elec¬ 
trode  is  0.04  mg  cm-2.  All  potentials  initially  measured  versus  the 
Ag/AgCl  electrode  were  converted  to  an  RHE  scale  by  adding  0.966  V 
(the  potential  of  the  Ag/AgCl  reference  measured  against  RHE). 

3.  Results  and  discussion 

The  morphology  and  structure  of  MNMC  were  studied  by  SEM 
and  TEM,  and  the  results  are  shown  in  Fig.  2.  It  can  be  seen  in 
Fig.  2(A)  that  a  three-dimensional  (3D)  porous  structure  is  formed. 
In  the  TEM  image  of  MNMC  (Fig.  2(B)),  irregularly  sheet-like  carbon 
with  numerous  mesopores  is  observed,  on  which  the  pore  size  is 
similar  to  the  particle  size  of  Si02  template.  The  results  indicate  that 
it  is  feasible  to  synthesize  mesoporous  N-doped  carbon  using  silica 
spheres  as  a  hard  template.  The  high  resolution  magnified  image 
(HRTEM)  in  Fig.  2(C)  shows  that  the  material  exhibits  stacking 
graphite  layers,  indicating  the  formation  of  the  grphite  structure  in 
MNMC.  The  EDX  result  of  MNMC  in  Fig.  2(D)  shows  that  nitrogen, 
oxygen  and  iron  elements  are  detected  in  MNMC. 

The  XRD  pattern  of  MNMC  is  shown  in  Fig.  3(a).  Three  diffrac¬ 
tion  peaks  at  25.2°,  and  44.3°are  attributed  to  the  (002)  and  (101) 
peaks  of  hexagonal  graphite  structures,  suggesting  coke-like 
structural  features  with  disordered  carbonaceous  interlayers 
[25,26].  Raman  spectroscopy  was  carried  out  to  investigate  the 
chemical  structure  and  the  degree  of  structural  defects  of  MNMC. 
Fig.  3(b)  shows  the  Raman  spectrum  of  MNMC.  For  comparison, 
that  of  Vulcan  XC-72  carbon  is  also  presented.  It  is  found  that  both 
samples  showed  two  peaks  at  1305-1320  and  1575-1581  cm"1, 
corresponding  to  Raman  active  D-  and  G-band  respectively  [27]. 
The  Raman  D-band  originates  from  atomic  displacement  and  dis¬ 
order  induced  features  caused  by  lattice  defects  and  distortions, 
while  the  G-band  results  from  the  in-plane  vibration  of  E2g  phonon 
of  sp2-bonded  carbon  atoms  [2  .  The  relative  intensity  (7d//g)  ratio 
was  widely  used  to  estimate  the  amount  of  defects  on  N-doped 
carbon  [28  .  The  7d/7g  ratios  of  MNMC  and  Vulcan  XC-72  carbon  are 
1.2  and  1.1  respectively.  The  7D/7G  of  MNMC  is  higher  than  that  of 
Vulcan  XC-72  carbon,  indicating  that  MNMC  has  more  defects  than 
Vulcan  XC-72  carbon.  As  expected,  introducing  N  atoms  into  carbon 
will  result  in  an  increase  in  the  relative  intensity  of  D-band  due  to 
the  increase  of  defects  caused  by  N  atoms  29]. 

XPS  was  conducted  to  investigate  the  surface  composition  and 
the  chemical  state  of  MNMC  (Fig.  4(A)  and  (B)).  As  shown  in 
Fig.  4(A),  the  survey  spectrum  of  MNMC  confirms  that  there  is 
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Table  1 

The  atomic  ratio  of  nitrogen  species  in  MMNC  derived  from  N  Is  XPS  spectrum  and 
the  nitrogen  content  of  bulk  M  +  Fe,  M  +  L,  M  +  L  +  Fe,  and  M  +  L  +  Fe  +  Si02 
obtained  by  element  analysis. 


Sample 

MNMC 

Nitrogen  species 

Pyridinic-N 

Pyrrolic-N 

Graphitic-N 

Atomic  content  (%) 

40.7 

22.3 

37.0 

Sample 

M  +  Fe 

M  +  L  +  Fe 

MNMC 

Nitrogen  content  (wt  %) 

6.6 

11.9 

11.3 

carbon  (Cls  =  284.8  eV),  nitrogen  (Nls  =  399.1  eV),  and  oxygen 
(Ols  =  532.3  eV)  in  MNMC.  The  absence  of  characteristic  peaks  of 
Fe  at  705-730  eV  in  the  XPS  survey  spectrum  indicates  that  no 
element  of  iron  is  detected  on  the  surface  of  MNMC,  which  doesn’t 
agree  with  the  EDX  results.  The  above  results  suggest  that  the  iron 
previously  on  the  surface  of  MNMC  is  completely  removed  during 
the  post-treatment  processes  and  only  exists  in  the  bulk  of  MNMC. 

The  Nls  spectrum  is  very  useful  for  analyzing  the  nature  of  N 
functionalities  on  MNMC.  Fig.  4(B)  shows  high  resolution  N  Is 
spectrum  of  MNMC,  which  can  be  deconvoluted  into  three  domi¬ 
nant  peaks,  which  are  assigned  to  pyridinic-type  N  (398.5  eV), 
pyrrolic-type  N  (399.8  eV),  and  graphitic-type  N  (400.7  eV), 
respectively  19].  Results  of  Quantitative  analysis  of  the  N  Is 
spectrum  of  MNMC  showed  in  Table  1  reveal  that  the  amount  of 
pyridinic-type  N  accounts  for  40.7%  of  nitrogen  species,  which  plays 
a  key  role  in  improving  the  catalytic  ORR  activity.  Pyridinic-type  N 
bonded  with  two  edge  carbon  atoms  has  one  lone  pair  of  electrons 
which  can  facilitate  the  electron  transfer  and  the  adsorption  of 
oxygen,  and  further  results  in  enhanced  ORR  activity.  The  content  of 
nitrogen  in  the  bulk  of  MNMC  by  elemental  analysis  is  11.3  wt%, 
showing  that  MNMC  is  a  nitrogen  rich  carbon  material.  To  our 
knowledge,  the  highest  value  of  nitrogen  content,  13.6  wt%,  was 
reported  by  Lu’s  group  through  post-functionalization  30].  For  a 
one-step  synthesis  of  N-doped  carbon,  the  highest  value  of  ca.12  wt 
%  was  obtained  in  the  work  of  Yang  et  al.  [31  ,  who  used  the 
composite  precursors  of  l-ethyl-3-methaylimidazolium  dicyana- 
mide  ionic  liquid  and  adenine.  As  we  known,  the  carbon  materials 
with  high  N  content,  particularly  pyridinic-N,  would  have  high 
catalytic  activity  for  ORR  [32,33  .  This  value  for  MNMC  is  signifi¬ 
cantly  higher  than  the  results  of  N-doped  cathode  catalysts  [32- 
34  ,  implying  that  MNMC  would  exhibit  high  catalytic  activity  for 
ORR.  A  comparison  of  carbon  materials  derived  from  melamine 
with  different  precursors  in  Table  1  suggests  that  the  high  nitrogen 
content  in  MNMC  is  related  to  the  addition  of  lysine. 

Fig.  5  shows  the  nitrogen  adsorption-desorption  isotherms  and 
PSD  of  MNMC.  The  nitrogen  isotherm  curve  is  a  typical  type  curve 
with  an  H3-type  of  hysteresis  loop  (International  Union  of  Pure  and 
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Fig.  4.  (A)  XPS  survey  spectrum  and  (B)  deconvoluted  Nls  XPS  spectrum  of  MNMC. 
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Relative  N2  pressure  /  P/P() 


Fig.  5.  Nitrogen  isotherms  and  (Inset)  the  corresponding  pore  size  distribution  of 
MNMC. 

Applied  Chemistry).  This  means  that  the  MNMC  is  a  mesoporous 
and/or  large-mesoporous  material  [28  .  PSD  of  MNMC  in  the  range 
of  2.2-34.5  nm  shown  as  the  inset  in  Fig.  5  is  mainly  centered  at  ca. 
3.4  and  11.7  nm,  demonstrating  that  MNMC  is  a  large-mesoporous 
material.  Besides,  it  is  also  observed  that  different  pore  sizes  are 
distributed  in  the  mesoporous  range,  suggesting  the  presence  of 
hierarchical  mesopores.  BET  surface  area  of  MNMC  is  650  m2  g-1. 
These  results  show  that  disordered  mesoporous  structure  in  MNMC 
was  formed. 

Cyclic  voltammograms  (CV)  were  measured  to  investigate  the 
electrochemical  performance  of  MNMC  in  0.1  mol  L-1  KOH  aqueous 
solutions  saturated  separately  with  N2,  and  02-saturated  3  mol  L-1 
CH3OH  at  a  scan  rate  of  50  mV  s-1.  As  shown  in  Fig.  6(A),  in  N2- 
saturated  KOH  solution,  no  current  peak  is  observed  in  the  potential 


range  from  0.166  to  1.166  V.  In  the  02-saturated  KOH  solution,  a 
peak  at  0.796  V  vs.  RHE  is  clearly  observed  in  the  CV,  demonstrating 
that  the  MNMC  has  catalytic  activity  towards  the  ORR.  When 
MNMC  is  tested  in  0.1  mol  L-1  KOH  +  3  mol  L-1  CH3OH  solution 
which  was  saturated  with  O2,  the  peak  for  ORR  also  clearly  appear 
in  the  CV.  However,  the  peak  characterized  of  methanol  oxidation 
reaction  is  not  observed,  indicating  that  MNMC  is  inert  for  meth¬ 
anol  oxidation  reaction  in  KOH  solution  saturated  with  O2.  These 
results  show  that  MNMC  possesses  not  only  the  catalytic  activity 
for  ORR,  but  also  highly  tolerant  to  methanol  3]. 

The  electrocatalytic  activities  of  M  +  Fe,  M  +  Fe  +  L,  MNMC  and 
commercial  Pt/C  were  studied  by  linear  sweep  voltammetry  (LSV) 
in  02-saturated  0.1  mol  L^1  KOH  aqueous  solution  (Fig.  6(B)).  The 
curves  ranged  from  0.9  to  1.2  V  shown  as  the  inset  in  Fig.  6(B)  are 
enlarged  to  clearly  illustrate  the  occurrence  of  the  ORR  on  the 
electrodes.  The  electrocatalytic  activity  of  MNMC  towards  the  ORR 
is  benchmarked  against  the  activity  of  commercial  Pt/C.  In  Fig.  6(B), 
all  of  the  catalysts  exhibit  a  flat  plateau  and  a  sharp  transition  of 
control  from  kinetics  to  diffusion,  which  implies  a  one-step,  four- 
electron  pathway  for  the  ORR  on  these  electrodes  [10].  It  can  be 
seen  that  M  +  Fe  shows  electrocatalytic  ORR  activity.  After  adding 
lysine  into  the  precursor,  The  onset  potential  and  half-wave  po¬ 
tential  of  the  resulted  sample,  M  +  L  +  Fe,  are  shifted  positively  to 
1.03  and  0.852  V  respectively,  compared  with  those  of  M  +  Fe.  The 
above  results  could  be  attributed  to  the  increase  of  nitrogen  content 
and  surface  area  due  to  the  addition  of  lysine  into  the  precursor, 
leading  to  more  active  sites  which  enhanced  the  catalytic  activity 
for  ORR. 

In  the  case  of  MNMC,  the  onset  potential  and  half-wave  po¬ 
tential  are  1.059  V  and  0.871  V  (see  Fig.  6(C))  respectively,  indi¬ 
cating  better  catalytic  activity  of  MNMC  for  ORR  compared  to 
M  +  L  +  Fe.  The  enhanced  catalytic  activity  of  MNMC  could  be 
attributed  to  the  high  pyridine-N  content  and  high  surface  area. 
Furthermore,  the  onset  potential  and  half-wave  potential  of  MNMC 


Fig.  6.  (A)  CVs  of  MNMC  in  N2  or  02-saturated  0.1  mol  L-1  KOH  and  02-saturated  0.1  mol  L'1  KOH  and  3  mol  Ir1  CH3OH  solutions  at  a  scan  rate  of  50  mV  s"1  and  rotation  rate  of 
1600  rpm.  (B)  LSVs  of  M  +  Fe,  M  +  L  +  Fe,  MNMC  and  Pt/C  for  ORR  in  0.1  moL  IT1  KOH  aqueous  solutions  at  a  scan  rate  of  5  mV  s^1  and  rotation  rate  of  1600  rpm;  The  inset:  the 
enlarged  region  between  0.9  and  1.2  V.  (C)  The  onset  potential  and  half-wave  potential  of  M  +  Fe,  M  +  L  +  Fe,  MNMC  and  Pt/C  for  ORR  derived  from  LSVs  in  figure  B.  (D)  RRDE 
response  recorded  at  5  mV  s”1  scan  rate  for  MNMC  and  Pt/C  in  0.1  mol  L'1  KOH  solution  saturated  with  02  at  a  rotation  rate  of  1600  rpm. 
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are  higher  than  those  of  commercial  Pt/C  catalyst  (shifted  positively 
about  37.0  mV  and  25.0  mV  respectively).  Compared  to  other  cat¬ 
alysts,  the  excellent  electrocatalytic  performance  for  ORR  on  MNMC 
can  be  attributed  to  its  higher  pyridinic-N  content  and  mesoporous 
architecture,  which  provide  a  high  density  of  active  sites  and  plenty 
of  mass  diffusion  channels  for  ORR. 

The  ORR  is  a  multi-electron  reaction  that  has  two  main  possible 
pathways:  one  is  direct  oxidation  pathway,  involving  four  electrons 
transferred  to  produce  water,  and  its  oxidation  efficiency  is  better; 
the  other  is  indirect  oxidation  pathway,  of  which  the  first  stage  is 
two  electrons  transferred  to  produce  hydrogen  peroxide  and  then 
the  transfer  of  another  two  electrons  to  generate  water,  the 
oxidation  efficiency  of  this  pathway  is  relatively  low  [35].  The  ORR 
mechanism  of  MNMC  was  investigated  using  for  rotating  ring  disk 
electrode  (RRDE)  measurements.  Fig.  6(D)  shows  the  RRDE  vol- 
tammograms  of  MNMC  and  commercial  Pt/C  which  were  carried 
out  in  0.1  mol  L'1  KOH  solution  saturated  with  O2  at  a  rotation  rate 
of  1600  rpm.  The  electron  transfer  number  involved  in  the  ORR  can 
be  calculated  from  following  equation  36]: 

^  =  4^disk/ (7<iisk  +  fring/^)  0  ) 

where  7r jng  is  the  Faradaic  ring  current,  /disk  is  the  Faradaic  disk 
current,  and  N  is  the  collection  efficiency,  i.e.  0.27.  When  the  disk 
currents  are  stabilized  after  the  potential  is  lower  than  0.366  V,  n  of 
MNMC  and  commercial  Pt/C  are  calculated  to  be  3.99  and  3.98, 
respectively,  indicating  ORR  mechanism  on  MNMC  is  following  the 
four  electron  pathway. 

The  methanol  crossover  effect  is  a  key  factor  in  developing 
electrocatalysts  for  direct  methanol  fuel  cells.  The  methanol 
crossover  effects  on  MNMC  and  commercial  Pt/C  catalysts  were 
investigated  by  chronoamperometry  at  a  constant  voltage  of 
0.706  V  in  0.1  mol  L_1  KOH  solution  saturated  with  O2  and 


methanol  added  at  2000  s  (as  shown  in  Fig.  7(A)).  It  can  be  seen  that 
there  is  a  shape  decrease  in  current  for  both  MNMC  and  commer¬ 
cial  Pt/C  catalysts  when  O2  was  introduced  into  ^-saturated 
0.1  mol  L-1  KOH  solution  at  1000  s,  indicating  that  the  ORR  occurs 
on  both  catalysts.  After  methanol  is  added  at  2000  s,  there  is  a  sharp 
current  change  on  commercial  Pt/C,  which  is  attributed  to  the 
occurrence  of  methanol  oxidation.  However,  only  a  slight  current 
change  is  observed  in  the  ORR  current  on  MNMC  after  addition  of 
methanol  solution.  Thus,  these  results  indicate  that  MNMC  pos¬ 
sesses  a  remarkable  tolerance  to  methanol  crossover  with  high 
selectivity  for  ORR,  which  can  alleviate  the  methanol  crossover 
effect  occurred  in  methanol  direct  fuel  cells. 

Catalyst  stability  is  another  critical  feature  of  ORR  electro¬ 
catalysts.  The  stability  of  MNMC  and  Pt/C  was  tested  using  cycling 
LSVs  in  0.1  mol  L-1  KOH  saturated  with  O2.  The  LSVs  of  Pt/C  and 
MNMC  before  and  after  10,000  cycles  are  shown  in  Fig.  7(B)  and  (C). 
The  stability  can  be  measured  by  the  decay  of  half-wave  potential 
before  and  after  a  long  cycling  testing.  From  Fig.  7(B),  it  can  be  seen 
that  the  half-wave  potential  of  commercial  Pt/C  catalyst  reduces  by 
25  mV  after  10,000  cycles,  but  that  of  MNMC  only  decreases  about 
9  mV  under  the  same  conditions.  Besides,  Pt/C  lost  10%  in  current 
density  at  0  V  after  about  10,000  cycles  of  potential  cycling  in 
Fig.  7(D).  However,  MNMC  exhibited  only  1%  decrease  in  current 
density  at  0.966  V.  Based  on  these  results,  MNMC  demonstrates 
better  stability  than  commercial  Pt/C  under  the  same  conditions. 

4.  Conclusions 

A  high  pyridinic-N  content  and  mesoporous  carbon  has  been 
successfully  synthesized  as  non-precious,  highly  active  and  durable 
ORR  catalysts  by  pyrolyzing  lysine  and  melamine  in  a  nitrogen  at¬ 
mosphere  using  ferric  chloride  as  an  activator  and  Si02  nano¬ 
particles  as  hard  templates.  The  synthesized  MNMC  is  a  high 


Fig.  7.  (A)  Current-time  chronoamperometric  curves  of  ORR  on  MNMC  and  commercial  Pt/C  at  0.706  V  and  1600  rpm  in  0.1  mol  Ir1  KOH  solution  saturated  with  N2  (0-1000  s)  or 
02  (1000-2000  s)  and  02-saturated  0.1  mol  IT1  KOH  +  3  mol  L”1  CH3OH  (2000-3000  s)  solution.  (B  and  C)  LSVs  of  Pt/C  and  MNMC  before  and  after  10,000  cycles  in  02-saturated 
0.1  mol  L-1  KOH  solution  at  a  scan  rate  of  5  mV  s_1  and  rotation  rate  of  1600  rpm,  respectively.  (D)  The  current  density  of  Pt/C  and  MNMC  at  0.966  V  derived  from  the  data  shown  in 
Figure  B  and  C. 
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surface  area  material  and  its  BET  surface  area  is  measured  to  be 
650  m2  g'1  with  PSD  in  the  range  of  2.2-34.5  nm.  The  XPS  results 
reveal  that  the  pyridinic-type  N  accounts  for  40.7%  of  nitrogen 
species  in  MNMC.  The  LSV  results  demonstrate  that  MNMC  exhibits 
higher  ORR  activity  and  better  stability  than  commercial  Pt/C  in 
alkaline  medium,  which  is  efficient,  non-precious  metal,  low  cost, 
and  highly  active  ORR  catalyst  as  a  promising  alternative  of  Pt- 
based  catalysts  in  fuel  cells. 
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